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The recent observation of a 125 GeV neutral Higgs boson (Hobs) provides additional input for 
charged Higgs boson searches in the W^^Hobs decay channel at the Large Hadron Col¬ 

lider (LHC). We reassess the discovery potential in this channel, which is important for 
heavier than the top quark mass. When Hobs decays to a bh pair, knowledge of the Higgs 
mass aids in the kinematic selection of signal events. We perform a signal-to-background anal¬ 
ysis to demonstrate the LHC prospects for charged Higgs discovery in the resulting channel 
pp t(b)H^ —>• jbbb(b)+h.c. for standard (300 fb^^) and high (3000 fb^*) luminosities 

at design energy, s/s = 14TeV. We find that regions of the parameter space of several two-Higgs 
doublet models, consistent with constraints from LHC Higgs searches and fe-physics observables, 
are testable in this channel. 
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1. Introduction 

The observation of a Higgs boson (//obs) [f] at the Large Hadron Collider (LHC) may be 
just the first glimpse into the rich phenomenology of a larger Higgs sector. Indeed, many models 
require additional Higgs states, including charged Higgs bosons (//*), the observation of which 
would be a clear sign of physics beyond the standard model (SM). Experimental searches for 
have largely focused on decays to tb or tv, which dominate much of the parameter space of many 
models. However, when kinematically allowed, the decay —)■ W^//obs can become significant 

for many parameter configurations. Earlier studies [2] demonstrated the potential of this channel, 
and the newfound knowledge of the Higgs mass, ~ 125 GeV, provides an additional input for 
the analysis and a constraint on extensions of the Higgs sector (see also [3] for a recent discussion). 
Here we describe a collider analysis for the W^/Zobs channel and determine its sensitivity at 

the EHC, which we compare to the possible signal strengths of several two Higgs doublet models 
(2HDMs) compatible with current experimental observations. 

2. Collider Analysis 

The main production channel at the EHC for a charged Higgs above the top mass is typically 
pp —which is possible through the coupling of the charged Higgs to third generation 
quarks. Eocusing then on —)■ Z/obsfk^ decays, we consider the subsequent decay Z/obs —^ bb, 

as both Z?-quarks are observable, allowing us to directly reconstruct the observed 125GeVstate, 
and because SM-like Higgs bosons in this mass range decay dominantly in this channel.^ The 
process we then wish to search for is pp —s- (ZjjtZZ^ —)■ {b)bW^W^Hob^ —)• {b)bbbjjiv^, where one 
of the W -bosons (from either ZZ* or top decay) decays leptonically and the other hadronically. The 
presence of a single lepton allows us to avoid multi-jet backgrounds, while requiring one hadronic 
W avoids additional unseen neutrinos, making the event reconstruction more straightforward. The 
main background for this process is ttb(b), where either an additional Zj-tagged jet combines with 
a Zj-jet from a top decay or an additional bb pair mimics an ZZobs —S' bb decay. 

To get a measure of the sensitivity that could be obtained at the 14TeV EHC, we generate the 
t{b)H^ signal using Pythia 6.4.28 [4] with the MATCHIG [5] add-on to avoid double counting 
among bg — )■ tZZ^ and gg —s- tbH^ processes, and all t{b)WX,X —)■ bb backgrounds with Mad- 
GraphS [6]. Both signal and background undergo parton showering and hadronization using Pythia 
8 [7] and are further processed with the DEEPHES 3 [8] detector simulation using experimental 
parameters based on the ATEAS experiment with modified Zj-tagging efficiencies.^ To reconstruct 
our signal events and reduce background, we use the following procedure, inspired by previous 
studies [2], with an additional top veto: 

'This should be interpreted as pp —>■ t{b)H^ +PP Throughout this text, we will not distinguish fermions 

and anti-fermions when their identity is unspecified and/or can be inferred. 

^In principle, other decay channels could also be competitive. It has been suggested that, especially in analyses 
dominated by systematic errors, the H^hs —> r+T^ channel could be useful despite additional missing energy from T 
decays and a reduced branching ratio, largely as a result of lower backgrounds [3]. 

^The fo-tagging efficiency chosen is £rj tanh(0.03p7- — 0.4), with fijj = 0.7 for central (|t]| < 1.2) and £rj = 0.6 for 
forward (1.2 < Ihl < 2.5) jets, and the transverse momentum, pj, in GeV. This is a conservative choice compared with 
high-luminosity projections. 
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1. Event selection: Require events to have at least 3 Z?-tagged jets, at least 2 light jets, one 
lepton {ejft), and missing energy > 20GeV. All objects must have transverse momentum 
Pt > 20GeV and rapidity |t]| < 2.5, with separation A/? > 0.4 from other objects. 

2. Hadronic W reconstruction: Choose the pair of light jets with invariant mass nijj closest to 
mvr, and reject the event if no pair satisfies \mjj — mw| < 30GeV. 

3. Leptonic W reconstruction: Attributing all to a neutrino from a W decay, use the ob¬ 
served lepton to find fhe longifudinal componenf of fhe neufrino momenfum, by impos¬ 
ing fhe mass consfrainf = mvr- The solufion will have a fwofold ambiguify as a resulf 
of fhe quadrafic nafure of fhe consfrainf. For fwo real solufions, keep bofh. For complex 
solutions, discard fhe imaginary componenf and refain a single real pv,z- 

(4.) Top veto (high mass region, “veto first”): If two top quarks can be reconstructed from 
reconstructed VT’s and any unassigned jets, with both satisfying \m^/vj — nit\ < 20GeV, reject 
the event. The jets used may or may not be fj-tagged. 

5. //obs reconstruction: Choose the pair of fj-tagged jets with invariant mass myi, closest to 
~ 125 GeV, and reject the event if no pair satisfies \ < 15 GeV. 

(6.) Top veto (low mass region, “veto second”): Same as (4.), but f7-jets used in Hobs recon¬ 
struction are excluded. 

7. Top reconstruction: From the reconstructed VT’s and remaining f7-tagged jets, identify the 
best top quark candidate, determined by the Wb combination with the invariant mass mwb 
closest to nit- If the selected combination includes one leptonic W solution, discard the other. 
If there is no good candidate with — mt \ < 30GeV, reject the event. 

8. reconstruction: Combine the reconstructed //obs with the remaining W to yield the 

discriminating variable H two leptonic W’s remaining, retain both values 

of 

The background is often able to mimic the signal by combining a Z^-jet from a top decay 
with an additional Z7-tagged jet to reconstruct the //obs- In order to remove this type of event, the 
top veto should be applied prior to the Hob& reconstruction (“veto first”). However, because of the 
relative sizes of the masses involved, for charged Higgs masses not too far above the —)• H^b^W^ 

threshold, one of the resulting Z^-jets combines with the to give an invariant mass ~ rtit in 
a large fraction of the available phase space. Such signal events are cut in the “veto first” scenario, 
negating the benefits of the background reduction. For lower mass searches, we then postpone the 
top veto until after the Hob& reconstruction (“veto second”). In practice, we consider both top vetoes 
for a given mass choose the one which maximizes the statistical signal, S / y/B, and find that “veto 
second” is preferable for < 350GeV."^ This is apparent in Fig. 1, where the resonant 
peak is also evident. To further improve significance, for each we consider, we place a cut on 
the range of reconstructed which maximizes S/y/B. 

3. Models 

One of the most straightforward extensions of the Higgs sector is the 2HDM, in which there 

full experimental analysis considering all sources of error may place greater emphasis on background reduction, 
which would likely shift this value. 
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Figure 1: Reconstructed signal and background two different top vetoes (described in 

text). The signals are normalized to (j{pp —)• tH^) x BR{H^ —)■ hW^) x BR{h —)• bb) = 1 pb before 
selection and cuts. 


are two scalar electroweak doublets, <I>i and <I> 2 , which can each in general acquire a vacuum ex- 
pecation value v, and couple to each other and standard model particles. After symmetry breaking, 
the Higgs sector in a 2HDM contains five states: two CP-even {h,H), one pseudoscalar (A), and 
two charged {H^). In general, either h or H could correspond to //obs- Here we will focus on results 
for the case where //obs is the lighter state, h. 

The Yukawa couplings to fermions are a priori free parameters of the theory but can easily 
lead to large tree-level flavor-changing neutral currents (FCNCs). One way to suppress FCNCs is to 
introduce a Z 2 -symmetry which only allows each type of fermion to couple to a single doublet [9]. 
There are four possible Z 2 assignments, and here we will consider two cases: Type I (2HDM-I), 
where fermions only couple to ^ 2 ', and Type II (2HDM-II), where down-type quarks and leptons 
couple to <I>i and up-type quarks couple to <I> 2 . In these models, the Yukawa couplings are deter¬ 
mined entirely by the parameter tanj3 = V 2 /V 1 . Another mechanism for controlling FCNCs is to 
require that the two Higgs doublets have Yukawa matrices which are proportional to one another, 
or aligned. Here we consider the case where all fermions couple to both d>i and <I >2 with aligned 
couplings, known as the A2HDM [10]. 

In order to see whether the —)■ W^Hoha channel is a useful probe of these models, we scan 
their parameter spaces for regions with a strong signal. We require that the lightest CP-even Higgs 
have a mass consistent with the observed state, 123 < ni/, < 127GeV, and that the heaver H be 
non-degenerate, 135 < iue < 500GeV. To satisfy electroweak constraints, we require nu = 
and we consider masses in the region above the W^h threshold, 200 < mH± < 500GeV. For the 
2HDM-II, this is modified to 320 < mH± < 500GeV to reflect Zj-physics constraints. In Type-I and 
II, we consider 1.5 < tanjS < 6, where the branching ratio BR{H^ — W^h) is typically largest.^ 

Some of the strongest constraints on 2HDMs come from Z^-physics observables, and we sub¬ 
ject the scans to 95% confidence limits on BR{B —Y^y), BR{Bu —)• Tv), and BR{Bs —)• 
given in [12], and on AMb^ from [13]. For Z 2 -symmetric models, the parameter space scanned 

^For a full description of the parameter scans, and results for /fobs = H and supersymmetric models, see [11], 
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was chosen to satisfy these constraints, as described in [13], and for the A2HDM, Z^-physics 
observables were calculated with SuperIso-v3.4 [12]. In addition, we subject all Higgs states 
other than h to LEP, Tevatron, and LHC constraints using HiggsBounds-v4.1.3 [14]. Finally, we 
consider signal strength of //obs decay channels which have been recently measured, where 
= o{pp —)• Hobs -^^)/(l{pp —^ /isM — X), with a 125GeV SM Higgs boson hsu- We deter¬ 
mine the theoretical counterparts of with HiggsSignals-vl.20 [15] for A = 77 , ZZ and compare 
with the measurements of = 1.13 ±0.24, p^^ = 1.0±0.29 by CMS [16]. 

4. Results 

Fig. 2 shows the results of the parameter scans along with the sensitivity expected from the 
collider analysis. For the Z 2 -symmetric 2HDMs, we find a large number of points which are po¬ 
tentially discoverable at a high-luminosity LHC. However, both of these models see deviations of 
h from /isM for the points with the largest signal and consequently show less detection potential 
when the very SM-like CMS constraints are imposed. The A2HDM shows even stronger signals, 
well within reach of even the standard luminosity LHC. The effect of the CMS constraints is again 
severe, but some points still remain testable at lower luminosities. The —)■ W^Hobs channel can 

be a useful probe of 2HDMs at the LHC, particularly at high luminosities. 
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Figure 2: Signal strength (y{pp tH^) x BR{H^ hW^) x BR{h bb) from 2HDM scans de¬ 
scribed in text, along with expected statistical sensitivity contours S/^/B = 2,3,5, for an integrated 
luminosity of ^ = 300 fb“^ at the next LHC run and = 3000 fb“^ at the High Luminosity LHC, 
both at = 14TeV. Results are shown (a) without and (b) with CMS constraints on and 
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